Second order nonlinear optical properties of In-doped lithium niobate crystals have been quantitatively studied from the chemical bond viewpoint. The results show that the second order nonlinear optical response of In-doped lithium niobate crystals at 1079 nm decreases remarkably with increasing In concentration in the crystal. This approximately linear composition-property correlation in In-doped lithium niobate crystals is quantitatively expressed in the current work. Furthermore, the different influences of Mg, Zn, and In dopants, respectively, on the nonlinear susceptibility of lithium niobate single crystals are also compared in the present work.
I. INTRODUCTION
Due to its large electro-optical and nonlinear optical coefficients, 1,2 lithium niobate, LiNbO 3 , is an important crystal material widely used for numerous optical applications ͑e.g., for holographic memories, photorefractive devices, waveguide structures, electro-optic modulators, frequency doublers and mixers, parametric oscillators, etc.͒. Various trivalent ions, such as transition metals and rare earth elements, belong to the most important impurities in lithium niobate because of their essential influence on the properties of this material ͑photorefractive properties, electro-optic coefficients, light absorption, refractive indices, etc.͒ and thus their consequences for present and future applications. In various doped lithium niobate single crystals, people have successfully proven that although nominally pure lithium niobate devices are damaged under high intensity illumination due to the photorefractive effect, the problem can be greatly reduced by codoping lithium niobate single crystals with MgO, 3 ZnO, 4 or In 2 O 3 , 5 etc. Obviously, knowledge of the lattice environment and the chemical state of such dopants is essential for a quantitative understanding of the impurity effects from both theoretical and experimental aspects. Therefore, investigations on extrinsic ͑i.e., impurities͒ and intrinsic defects ͑e.g., Li vacancies͒ in lithium niobate have been of great interest and led to some interesting conclusions. [6] [7] [8] [9] [10] Lithium niobate is usually grown with congruent, nonstoichiometric composition, exhibiting a certain Li deficit. Newer measurements confirm that the Li vacancy model seems reasonable in describing the intrinsic defect structure of nonstoichiometric lithium niobate single crystals, 11 and that most dopants ͑except Ta and W͒ prefer to occupy Li sites in oxygen octahedra along the trigonal symmetry axis of the crystal. 7, 12 Recently reported results show that in In-doped lithium niobate crystals the In dopants are more or less in similar physicochemical states as Li ions in pure lithium niobate crystals. 13 Therefore, we can do some theoretical predictions of physical properties for In-doped lithium niobate single crystals on the basis of this known structural behavior. Our previous work has shown how the crystal composition influences its dielectric responses ͑the refractive indices, and second order nonlinear optical tensor coefficients͒. 20 In an earlier work, 21 we have quantitatively studied linear and second order nonlinear optical responses of lithium niobate crystals at 1064 nm from their detailed crystallographic structures at room temperature. 22 Based on this, in the present work, the second order nonlinear optical behavior of In-doped lithium niobate at 1079 nm will be quantitatively studied on the basis of the chemical bond viewpoint 20, 23 and the constitution-property relationship in crystal materials. To get the ͑isotropic͒ linear susceptibility of a crystal material, the contributions of all individual scalar linear bond susceptibilities have to be summed up. To get the nonlinear susceptibility, the individual tensorial nonlinear bond susceptibilities must be summed up geometrically.
II. THEORETICAL METHOD
The macroscopic linear susceptibility of a crystal is given by the sum over all contributions and can be written as 
where ⍀ p is the plasma frequency and E g is the average energy gap between the bonding and antibonding states of the bond. E g can be separated into homopolar and heteropolar ͑i.e., covalent and ionic͒ contributions E h and C (Z A )* and (Z B )* are the effective numbers of valence electrons of the two atoms in the bond, n is the ratio of numbers of the two elements B and A in the bond valence equation. 21 Because the true screening behavior in a solid is more complex than this simple Thomas-Fermi description, a correction factor b is introduced. 25 This factor is also used to correct for d-electron influences not accounted for in the effective Z*. These d-electron effects on the bond susceptibilities were at first considered by Levine 26 but are still in controversial discussion. 27, 28 is the average coordination number of the ions A and B in the bond . If the linear susceptibility, i.e., the refractive index, of a crystal is known, this parameter ␤ can be adjusted to describe the linear susceptibility exactly. Thus in general also the results for the nonlinear susceptibility are improved. The description of the second order nonlinear susceptibility can be derived in a similar way, this was basically done by Levine, 30 extensions for complex crystals were developed by Xue and Zhang. 20 The final result for the second order nonlinear optical tensor coefficients d i j can be written as the appropriate geometric sum over the contributions of all constituent bonds:
The first part denotes the ionic fraction, the second part the covalent fraction of the nonlinear optical coefficient. The meaning of the constants on the right-hand side of Eq. ͑6͒ includes: All of the above constants have to be deduced from a structural analysis based on the crystallographic structure and taking into account the detailed chemical bonding situation of all constituent atoms. 20 It should be emphasized that besides the parameter ␤ introduced for the linear susceptibility no further adjustable parameters are included.
III. RESULTS AND DISCUSSION
In order to determine the linear and second order nonlinear optical properties of each kind of constituent chemical bond quantitatively, one has to know the detailed bonding environments of all constituent atoms, which are related to the structural characteristics of the assigned crystal. The chemical bond method, 20, 23 applied here, treats a compound as an infinite network of constituent atoms linked by chemical bonds. For crystals, due to their periodicity, this can be reduced to a finite network consisting of a single formula unit such as the network of LiNbO 3 , the graph of which is shown in Fig. 1 are four coordinated. According to the bond-valence model, the chargeneutrality principle in any crystal formula should be obeyed, and each atom shares its valence as equally as possible among the bonds that it forms. 23 Therefore, the following two network equations must always be obeyed:
where each atom A in the corresponding lattice is assigned a formal charge equal to its atomic valence or oxidation state (V A ) and each bond between atoms A and B is assigned a bond valence (s AB ). The sum of the bond valences ͑each with appropriate algebraic sign according to the bond direction͒ at each node atom in the network equals its formal charge, the sum around any loop is zero.
In the crystallographic structure of pure lithium niobate single crystals, the ideal cation stacking sequence along the c axis is . . . ϪLiϪNbϪᮀϪLiϪNbϪᮀϪ . . . , where ᮀ represents a structural vacancy ͑an empty octahedron͒. 22 This ideal stacking sequence ͑constituent octahedra in pure lithium niobate͒ is sketched in Fig. 2 . However, when In 3ϩ cations are introduced as dopants into such a stacking sequence, the situation changes into a different case. Like Mg in Mg-doped LiNbO 3 18 or Zn in Zn-doped LiNbO 3 , 19 In dopants also prefer to occupy Li sites, not Nb sites. This could be confirmed recently by the experimental observation of In sites in the crystallographic frame of lithium niobate. 13 As In adopts a ϩ3 valence state when entering the crystallographic frame, it replaces three Li ions by occupying one of these Li sites and generating two Li vacancies in the near neighborhood. As a result of this replacement, a certain lattice relaxation should occur. Yet to date neither experimental nor theoretical data are available describing this relaxation in a reasonable way. Therefore, as a first order approximation suitable for low doping levels, we assume that the lattice parameters around In 3ϩ ions are unchanged compared to the ideal lithium niobate lattice. This means that for calculations we can use the identical bond lengths and directions as in the ideal lattice. To reflect the relaxation, refractive index data for In-doped lithium niobate 16 are used as references in calculating the constituent chemical bond parameters.
To facilitate calculations further, we treat In-doped lithium niobate, written as Li 1Ϫx In x/3 NbO 3 , formally as a random mixture of (1Ϫx) parts LiNbO 3 and (x/3) parts In Nb 3 O 9 . Accordingly, calculations for the two components can be treated separately. The results then can be combined linearly using the linear correlation between dielectric responses and constituent atoms in crystal materials shown previously.
14 As a consequence of the two Li vacancies in In Nb 3 O 9 when formally applying the same crystal structure like in pure lithium niobate, the bond graph for this material is more complicated than that for lithium niobate. It is sketched in Fig. 3 niobate. 16 No additional fit parameters for the nonlinear susceptibility tensor coefficients are used. The results for all constituent bonds are summarized in Table I ͑left-hand side: pure lithium niobate, right-hand side: pure ''indium niobate''͒.
Adding up the individual tensorial contributions of all constituent chemical bonds, we can quantitatively calculate all independent second order nonlinear optical tensor coefficients d 22 into the crystallographic frame of lithium niobate. The correspondence between this factor 4 and the slope ratio discussed above suggests that the reduction in the acentricity of lithium niobate, introduced by dopants, is mainly due to the number of Li vacancies, fairly independent of the specific impurity used. A similar factor of 4 is also found when regarding the so-called ''threshold'' values 35 for different dopants in lithium niobate which were found to be about 6% in the case of Mg and Zn and about 1.5% in the case of In. 36 The fact that the number of Li vacancies strongly affects the nonlinear optical properties of lithium niobate assures our previous result that the Li places in the crystallographic frame of lithium niobate are the sensitive lattice sites, on which dopants ͑or vacancies͒ can modify the dielectric properties most effectively. 20, 21 However, this seems to be mainly true for the nonlinear properties ͑i.e., the acentricity͒ as the linear dielectric properties behave in a slightly different way: n o decreases with Mg doping, 37 increases with Zn doping, 38 and decreases with In doping. 16 Experimental values for the doping dependence of the second order nonlinear susceptibility are to our knowledge only available for Mg-doped congruently grown lithium niobate. 34 The authors show that the tensor coefficients measured (d 31 and d 33 ) are slightly increasing with increasing doping level ͑0-5 mol %͒. At first sight this seems to be contradictory to our calculations where a decrease with increasing doping level was found, yet these experimental data strongly support our model in which primarily the number of Li vacancies affects the second order nonlinear susceptibility in lithium niobate. This number of Li vacancies is increasing with increasing doping level in stoichiometric lithium niobate for which our calculations are made. But, due to the defect structure model of MgO-doped lithium niobate found by Iyi et al., 39 this number of Li vacancies is decreasing with increasing Mg doping in congruently grown lithium niobate up to a doping level of about 5%. Thus the experimental as well as our calculated data both show that the second order nonlinear susceptibility decreases with increasing number of Li vacancies.
IV. CONCLUSION
Second order nonlinear optical properties of In-doped lithium niobate single crystals at 1079 nm have been quantitatively studied from the chemical bond viewpoint of crystal materials. The current work shows that introducing In 3ϩ cations on Li sites into the crystallographic frame of lithium niobate strongly decreases the second order nonlinear optical response of lithium niobate. This decrease is considerably stronger than for the two-valent dopants Mg and Zn. Yet for all dopants studied so far the effect can be directly referred to the number of Li vacancies accompanying the respective dopants. Thus mainly Li vacancies seem to be responsible for a reduction of the acentricity of the crystal which is connected with the nonlinear optical response. We can further deduce, that Li sites are the sensitive crystal lattices sites that affect dielectric properties of lithium niobate crystals sensitively. Various dopants that are introduced into Li sites successfully modify dielectric properties of lithium niobate crystals. While variations in the nonlinear optical properties seem to be connected with the Li vacancies introduced, changes in the linear properties must be ascribed to the specific ionic characteristics of dopants like In, Mg, and Zn, respectively.
